Rat tissue homogenates have been subjected to zone electrophoresis in st,arch gel. Lactate, malate, isocitrate, glucose O-phosphate, and wglycerophasphate dehydrogenase activity was directly visualized by incubating the gel strips in solutions COIItaining a specific substrate, a tetrazolium salt, mcthylcne blue, and the appropriate pyridine nucleotide. Elrctrophoretic heterogeneity of some of the dehydrogenases was observed in material from different, organs. A similar multiplicity of components in some specific dehydrogenases was also demonstrated in cytologically homogeneous material including cells grown h,v tissue culture techniques. Significance of this mutiplicity of enzymes is discussed.
1NTROl)UCTIOS
The existence of more than one active component' in a purified dehydrogenase has been shown by Pl'eilands (2) and Krehs (3). The numerous steps required in the preparation of pure enzymes raised the question of mhet)her the components had been derived from what was originally a single-componentj enzyme. When human serum n-as found to contain multiple components of lactate dehydrogenase by Sayre and Hill (4), and malate dehydrogenase as well by Resell and Beam (5) , it began to appear that perhaps dehydrogenases can exist in electrophoretjically dist.inct forms. Iinfortuuat~ely, t,he origin of these two dehydrogenases of serum is not, known; hence, the possihilit,y still remains that only a single component, was synthesized in t,he cells but, gave rise to multiple active forms on its way t,o t'hn blood. ho~~cver, in 0.03 .I/ 'I'&. HCI l)uKrr of pEI S.4 in the plastic t,r:ly. 'I'wrnt! microliters of the IlomogemLtc was pl:wd or1 :i piecr of filter paper the size of the cross section of t)hc st:trrh gel colllmn anti inwrt,ed into a slit cut in the gel. The circuit for rlcctropl~oresis consisted of :L (l.c. powr source generating 400 v., pl:ltinum electrodes, 0.05 !lI 'I'ris. HCl I)uffrr Iuths, :mtl filter-paper patls as \)ridges connecting the rlcctrodrs with the st)nrch gel rolrimrl in the tray. ;Z t'hin plastic film W:IS 11srd to rover th I ray I o prevent rvnporxtion. To m:tint:Gn t,hc temper:iture of the colrlmn at 0" during clert rophorwis. 3 gl:ws tray cont:linitrg ire \v:is pIwed over it An electric potrnti:tl of 10 v./cm. ~vas :tppliecl to I he gel rollmin for 5 hr.
At the cutI of electrophorrsis, the filter paper contnining the wnple WLN removed and the st:wch gel column \\-:I* sliced longitudinally along the side of the tray into strips of 5 mm. witlth. The strips n-err gently lifted nut1 pl:uwl in t,hc tul)rs containing variorw warm itlrI11mtion mrdin. The trllws werr stoppered. chilled in an ice-bath to srt the mrdilm~ into n gel , :rntl inclllxitctl :It 37" irk MAKEPEACE U. TSAO the dark. The gelled medium remained semisolid during t,he incnlulion. Incubation lasted from several hours to several days, and was terminat,ed by rinsing the strips free of the medium before dark-blue hands became wide or diffused. After the incubation has been completed, and the starch gel strips have been rinsed free of metjhylene blue t)y repeated change of tap wat.er in a tube, they ran be preserved in cold water indefinitely without, fading of t.he red bands which represent. the sites of dehydrogenase activity.
RESULTS
When rat, tissue homogenates or homogeneous cell preparations were processed as described in M&o& various numbers of dehydrogenases were detected for each suhstrate used. These enzymes were represented hy discrete hands in the starch gel columns. In general, malate dehydrogenases ac%ivity became notjic*eable in a matter of hours ; lactate and isocitrate dehydrogenase activity became detec%ahle after 1%21 hr. of illwbation;
and, glucose G-phosphate and cr-glycerophosphate dehydrogenase activit,ies required l-3 days to become visible as dark hands on the starch gel column. The results of the fract,ionntion of various dehydrogellasr activities of rat tissue homogenat,es followed hy direct visualizat,iun are summarized graphically in l;ig. 1. The starch gel strips are shown with the elect'ropositive end to the left, a gap to the right of center indiwting the origin of electrophoresis or the site of sample, and electronegative end to the right. The extent of the sha.ding of the \rertjical hands indicates approximately the intensity of the formazan formatiou. 1,ong lines represent, streaking inst,ead of a discrete hand. Although the corresponding loci of dehydrogenase activities of various tissues seem t.o oc~~~py the same posit.ions on t.he starch gel column, their identity remains to he established.
The results from a study of the homogeneous veil preparations show clearly that a multiplicity of specific dehydrngenases does exist, in these preparations (Fig. 2) . However, this information does not) nwessarily rule out the contribution from \:arious cell types in a tissue to this multiplkity.
The omission of diaphorasc in t,he in(w tion medium for the visualization of
Dehydrogenases of rat tissue homogenates after fractionation t)y elrct~rophoresis in starch gel and direct visuxlizatiou of enzymic activit,y in the gel. 1, heart.; 2, liver; 3, kidne?-; 4, t)ruin; 5, erythrocytes.
FIG. 2. I)ehydrogenasrs
of cytologically homogeneous material. 1, mouse fibrohlast cells; 2, mouse ascites lymphoma cells; 3, human amnion cells; 4, cells grown from human carcinoma of ovaries; 5, HeLa cells.
dehvdrogenase activity suggested the pos>ihiiity that a suficient amount of this flavoprotein was present in the homogennt,es and migrated with the enzymes in the starch gel. At the suggest#ion of Dr. B. Vennesland, three c~ommewially available crystallized lactate dehydrogenase samples were t rest ed in the same manner as the homogenates for electrophorcsis and visualizat.ion of cnzymir a(*-I ivitv. Modif%&ions of the incubation medium lvere made, however, to leave out I)I'K or methylene blue and to add diaphorase in various c~ombinations. l'ositive reduction of the tetrazolium salt occurred only when both DPK and methylene blue were present and the addition of diaphorase \vas not necessary hut did enhance theamount of precipitate. The results indicate that diaphorase was not completely removed by t he purification procedure in the preparat iota of these dehydrogenases. The t.echnique for the visualization of cnzymic activit) might he used to detect, relatively low levels of diaphorast in drhydrogenase prrparat iolis.
One possihility of an artifacat in the process of c~lec,t.rophoresis leading to the apparent fractionation of a dchydrogenaae was in\wtigated.
I;rom an uutial run of kidnc) homogenate, three sections of the starch gel wlumn showing strong lactate dehydrogcnaae :wti\Tity were c*ut out and inserted illto three INVV starch gel c~~lumns. After a secwld electrophoresis, a single hand at each of the three corresponding positions indicate (.IearIy that the difference in the mobility of the three components arc real and reproduc~ihie, and that the process of elect,rophorwis did not break up any OIIC of the c~omponents to form the other.
Scgative results were oht ailled in attempts to fr:wt ionate and visualize dehydrogctlases of glucwe, suwiiiate, glutamate, B-h?ltiroxyt)utyrate, and cu-ketoglutaratc.
The conditions for the preparation of the tissue homogenate, the elwt rophoretiv fract ionntion, and t,he detevtion of enzymic acti\-ity as used in this study might he conbidered to cause the least possible damage I o the cllzymes concerned. The use of SWface-active agent merely facilitated i he preparation of the homogenates hut was found to have no effect on the results. Therefore, it is least likely that t'he multiple loci of enzymic activity on the starch gel column could he the result of breakdown products of enzymes that were originally singular protein molecules. Severtheless, the phenonlenoii of the existence of multiple forms of an enzyme from a single source is not yet unequivocally established even though results of this study and the informatiotl in the literature seem to suggest that such is the case. This uncertainty is mainly due to the difficultly in proving tht ahsenw of modification or fragmentation of the native elrzyme during the experimental prowdure.
Although the homogenate was used as sucah on the filter-paper strip that was inserted into the starch gel colunm, the material that migrated clcctrophoretic~ally ilt the gel was not particulate but soluble. This is supported hy the ohserration that sucvinate dehydrogenasc activity was detncted only at the wigill. The possibility of the presencr of complexes of an enzyme with a substrate or pyridine nwleotide or hot,h in the homogenate and giving rise to molerules of different mobility is negligible because of the necessity for added substrate and pyridinc nucleotide in order to yisualizc the dehydrogenase activity.
The experiment,al wnditions st longly suggest that the IXLII~S of formazall reprcsirllt the Iwatioil of enzymes unass0-(*iat ed with either c~lectroll-trullsport system or cofactors.
The (luantitatiw aspwt of the enzymic* activities as reflected in the intensity of I he formazan preGpitution in the starch gel cwiumtl might. iw 11otcd in brief. I'Cspcrimentally, the illt ensity of t'he color of :I hand rould range from clear negative t 0 overwhelming depth such as to cause diffused coloratiotl o\yer a long segment of adjac~ent area. It is always possible then that :I wrtaiil enzyme is present a.t :L kvcl tdo~~ detection utlder the conditions used rather than being simply nhsetlt. The similarity of the patterns of thr hands of different tissues as show11 ii1 I:ig. I is of iilttrrst.
The multiplicity of dehydrogenases :ls indicated t)y the data in this report may he
